t has been thought that lumbar intervertebral discs were innervated segmentally. We have previously shown that the L5-L6 intervertebral disc in the rat is innervated bilaterally from the L1 and L2 dorsal root ganglia through the paravertebral sympathetic trunks, but the pathways between the disc and the paravertebral sympathetic trunks were unknown.
Lumbar intervertebral discs and facet joints are possible sources of low back pain, [1] [2] [3] but they have been considered to have a segmental sensory innervation. Recent studies in rats, however, have shown that the L5-L6 disc and part of the L5-L6 joint capsules are innervated by sensory neurones of the L1 and L2 dorsal root ganglia through the paravertebral sympathetic trunk, [4] [5] [6] [7] [8] [9] [10] although the fibre pathways between the disc and the sympathetic trunk are not known. Many reports have described fibres connecting the sinuvertebral nerve from the disc to rami communicantes tethered to the paravertebral sympathetic trunk, but they were thought to be sympathetic postganglionic nerve fibres. [11] [12] [13] [14] [15] Connections through the sinuvertebral nerve between the intervertebral disc and the rami communicantes have not yet been identified. We have investigated the distribution and course of both sensory and sympathetic postganglionic nerve fibres to the lumbar intervertebral disc in rats, using immunohistochemical methods. We paid special attention to the connections with rami communicantes and the segmentally corresponding spinal nerve.
Materials and Methods
We anaesthetised 17 Sprague-Dawley rats at 0 to 7 days after birth by cooling to 4°C. They were then transcardially perfused with 0.9% saline, followed by 100 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The spinal column with its muscles from T13 to S1 was removed, immersed in the same fixative overnight at 4°C, and then decalcified for four days in 10% ethylenediaminetetra-acetic acid (Wako Chemical, Tokyo, Japan). After storage in 0.01 M phosphate-buffered saline (PBS) containing 20% sucrose for 24 hours at 4°C, the samples were serially sectioned at 40 m in a sagittal plane on a cryostat, and the sections placed on slide glasses.
Endogenous tissue peroxidase activity was blocked by soaking the sections for 30 minutes in 0.3% H 2 O 2 solution in 0.01 M PBS. The sections were immersed for 90 minutes in a blocking solution, 0.01 M PBS containing 0.3% Triton X-100 and 1% skim milk, and incubated overnight at 4°C with antisera (1:1000) to calcitonin gene-related peptide (CGRP; Cambridge Research Biochemicals, Cheshire, UK), dopamine ␤-hydroxylase (DBH; Eugene Tech International, Redgefield Park, New Jersey) or vasoactive intestinal polypeptide (VIP; Incstar Corporation, Stillwater, Minnesota).
Eleven specimens were processed with CGRP antisera, three with DBH antisera, and three with VIP antisera. They were processed by the indirect avidin-biotin complex technique using biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, California), avidin biotin reagent (Vector Laboratories) and diaminobenzidine with ammonium nickel sulphate. 16 After each step, the slides were washed twice in 0.01 M PBS.
Immunoreactive nerve fibres in the serial sections of segments T13 to L6 were observed by light stereomicroscopy, and sketched on sheets of paper using a drawing tube attached to the stereomicroscope (Nikon, Tokyo, Japan). The immunoreactive nerve fibres entering the intervertebral disc and its surrounding tissues were then reconstructed three-dimensionally by superimposition of the sketches.
For each immunostain, control sections were prepared by incubating sections in a blocking solution without the primary antibody.
Results
Calcitonin gene-related peptide (CGRP). Many CGRPimmunoreactive nerve fibres were seen in the posterior longitudinal ligament and the superficial laminae of the annulus fibrosus. They were both thin and thick and were located in two main plexuses. One was superficial, in the dorsal part of the posterior longitudinal ligament, and the other was deeper in the ventral part of the posterior longitudinal ligament and the superficial laminae of the annulus fibrosus. The two plexuses were connected by several fibres. In the superficial plexus, CGRP-immunoreactive fibres were not confined only to the intervertebral regions. In the deeper plexus the CGRP-immunoreactive nerve fibres were more dense and were present only in the intervertebral regions near the annulus fibrosus (Fig. 1a) , extending to immunoreactive free nerve endings in the superficial laminae of both ventral and dorsal parts of the annulus fibrosus (Fig. 1b ). There were no CGRP-immunoreactive nerve fibres in the nucleus pulposus.
Most CGRP-immunoreactive nerve fibres in the posterior longitudinal ligament and the annulus fibrosus came from the sinuvertebral nerve proceeding into the nerve bundles in rami communicantes (Fig. 2) . The latter were separated into two or more bundles, but could not be recognised as white or gray rami. Some CGRP-immunoreactive nerve fibres were traced from the annulus fibrosus to the rami communicantes completely (Fig. 3) . Figure 4 shows a CGRPimmunoreactive nerve fibre connecting the sinuvertebral nerve with the rami communicantes. These connecting fibres were found in all segments from T13 to L6. No CGRP-immunoreactive nerve fibres were found to connect the sinuvertebral nerve with the corresponding segmental spinal nerve.
No CGRP-immunoreactive neurones were seen in the paravertebral sympathetic ganglion. Most of the CGRPimmunoreactive nerve fibres in the rami communicantes travelled cranially into the paravertebral sympathetic trunk (Fig. 5 ), although in L1 and L2 segments, they travelled only caudally. The courses of these nerve-fibre bundles around L4-L5 and L5-L6 intervertebral discs are shown schematically in Figure 6 . Dopamine ␤-hydroxylase (DBH). Many DBH-immunoreactive nerve fibres and some reactive nerve endings were seen in the posterior longitudinal ligament and the superficial laminae of the annulus fibrosus (Fig. 7 ). There were no DBH-immunoreactive nerve fibres in the nucleus pulposus. In both the ligament and the disc, the distribution of DBH-immunoreactive nerve fibres was similar to that of CGRP-immunoreactive fibres, but only thin DBH-immunoreactive fibres were present, most of them distant from blood vessels.
Most DBH-immunoreactive nerve fibres in the annulus fibrosus from L1 to L6 were followed into the sinuvertebral nerve, and on into the nerve bundles of rami communicantes (Fig. 8) . Many DBH-immmunoreactive nerve fibres in the rami communicantes were connected to those in the paravertebral sympathetic trunk. Vasoactive intestinal polypeptide (VIP). The distribution pattern of VIP-immunoreactive nerve fibres was very similar to that of the DBH-immunoreactive fibres, but there were more in the annulus fibrosus (Fig. 9) . Most VIPimmunoreactive nerve fibres were thin and distant from blood vessels, and many travelled from the sinuvertebral nerve into rami communicantes in all segments from L1 to L6 (Fig. 10) . Control. None of the control sections without a primary antibody showed any immunostaining. 
Discussion
CGRP is reported to be a sensory nerve marker; 17 we found no CGRP-immunoreactive neurones in paravertebral sympathetic ganglia. DBH and VIP are thought to be markers of sympathetic postganglionic nerves 18, 19 and VIP has been found in a few neurones in the dorsal root ganglion, but only in the thoracic and sacral areas. 20 We therefore used VIP as a sympathetic postganglionic nerve marker in the lumbar spine. It has been thought that the nerve fibres in the intervertebral disc derived bilaterally from the sinuvertebral nerves of the same and the adjacent segments, and that these were sensory nerve fibres originating from the corresponding spinal nerve and sympathetic postganglionic nerve fibres from the rami communicantes. L5-L6 (L5-S1) intervertebral disc is innervated by sensory neurones in the L1 and L2 dorsal root ganglia, and not from the corresponding segmental levels. [4] [5] [6] [7] [8] Using an acetylcholinesterase whole-mount method, Groen et al 15 showed that the nerve fibres within the sinuvertebral nerve in man originated only from rami communicantes. It was not clear whether these connecting fibres were sensory, because both sensory and sympathetic postganglionic nerve fibres were stained by the acetylcholinesterase method. 22 We have shown for the first time that CGRP-immunoreactive sensory nerve fibres connected the sinuvertebral nerve to the rami communicantes; we also found that no CGRP-immunoreactive sensory nerve fibres ran from the sinuvertebral nerve into the corresponding segmental spinal nerve. This suggests that all nerve fibres within the sinuvertebral nerve may connect only with the rami communicantes. We also traced some CGRP-immunoreactive nerve fibres from the annulus fibrosus to the rami communicantes for the first time; this indicated that sensory information from lumbar intervertebral discs is conducted through the rami communicantes, and not through the corresponding segmental spinal nerve. We also found many CGRP-immunoreactive nerve fibres in rami communicantes connecting with the paravertebral sympathetic trunk, showing that the sensory pathways between the disc and the paravertebral sympathetic trunk are in the rami communicantes. These results lead us to believe that in the rat sensory nerve fibres from the L5-L6 disc pass bilaterally through the L4, L5 and L6 sinuvertebral nerves, to enter both paravertebral sympathetic trunks through L4, L5 and L6 rami communicantes, and finally reach the L1 and/or L2 dorsal root ganglia through L1 or L2 rami communicantes as reported previously (Fig. 11) .
We found a total lack of all CGRP-, DBH-, and VIPimmunoreactive nerve fibres in the deeper parts of the intervertebral disc, as previously reported for both man 23 and the rat. [24] [25] [26] There have been reports, however, of sensory nerve fibres in the deeper parts of diseased discs in man 27, 28 and also in the healing area of the medial collateral ligament of the rabbit knee. 29 In a degenerative intervertebral disc, these fibres may grow into deeper parts and play a role in discogenic low back pain and in the repair process. We found many DBH and VIP-immunoreactive sympathetic postganglionic nerve endings in the posterior longitudinal ligament and the superficial laminae of the annulus. The main function of these sympathetic postganglionic nerve fibres seems to be vasomotor regulation, but some were distant from blood vessels suggesting that they have other functions. Gillette, Kramis and Roberts, 30 working on cats, considered that sympathetic postganglionic nerve fibres in the paravertebral sympathetic trunk regulate sensory neurones of the spinal dorsal horn which project to lumbar paravertebral tissues. In addition, in the rat, VIP-immunoreactive sympathetic postganglionic nerve fibres have been reported to regulate the metabolism of bone and ligament tissues, 24, 31 and Imai et al 26 reported that sympathetic postganglionic nerve fibres alter the properties of the sensory axons of the posterior longitudinal ligament in the rat. Some of the sympathetic postganglionic nerve endings in the posterior longitudinal ligament and the disc may therefore have some sensory and metabolic roles. The nervous system of the rat is very similar to that of man. In both, the L5-L6 (L5-S1) disc is innervated nonsegmentally and bilaterally from the L1 and L2 dorsal root ganglia, [4] [5] [6] [7] and sympathetic nerve fibres originate from the T1 to L2 myelomeres. 22, [32] [33] [34] [35] Hence, there is a strong possibility that the sensory innervation pattern which we found in the rat is present in man and therefore this explains the report of El Mahdi, Abdel-Latif and Janko Diagram of postulated sensory pathways from the L5-L6 intervertebral disc bilaterally to the L1 and/or L2 DRG, shown as long black and white arrows (IVD, intervertebral disc; RC, ramus communicans; PST, paravertebral sympathetic trunk).
spinal nerve may not relieve disc pain from the same segment, because the sensory nerve fibres are not in the corresponding segmental spinal nerve. To cure discogenic pain, it may be necessary to remove the intervertebral disc and to denervate the corresponding rami communicantes from which the intervertebral area may be reinnervated. Miyamoto 37 reported that anterior discectomy and interbody fusion completely relieved discogenic pain for long periods, but it seems possible that the anterior discectomy and interbody fusion also denervated the rami communicantes, which would account for the success of the procedure.
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